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Gels represent an indispensable part of our everyday lives with direct applications in food, 
medicine, cosmetics and other industries. Amphiphilic molecules have been shown to act as low 
molecular weight gelators (LMWGs) and are becoming the main focus of several research groups. 
Their ability to self-assemble into various morphologies from micelles to bilayer sheets, and 
remain stable due to noncovalent forces responsible for the formation of the 3D network—Self-
Assembled Fibrillar Network (SAFiNs)—is in the core of their ability to produce molecular gels. 
Those amphiphilic molecules capable of adsorbing at the interface and behaving as surface active 
agents are known as surfactants. Alcohol sugars have been successfully used for the synthesis of 
LMWGs and found their application across various industries. Trehalose has been used in cosmetic 
products as antioxidant, skin protectant and moisturizer, while mannitol has found extensive 
applications in food industry. We hereby present an environmentally-friendly synthetic procedure 
of trehalose- and mannitol-based derivatives, their characterization, gelation ability and surface 
activity. In this work these gelators are explored for their potential application in cosmetic and 
food industries as a replacement for waxes and as microgel particles. Both trehalose- and 
mannitol-based gelators were characterized via 1H NMR, 13C NMR, and FT-IR. Initial tests on the 
new amphiphiles confirmed their gelation potential in a wide variety of organic solvents including 
vegetable oils. Lip balm formulations were prepared in which waxes were completely replaced 
	 v	
with trehalose-based gelators. Rheological tests of the resulting formulations revealed that the new 
formulations were not only comparable to currently available commercial lip balms, but also 
exhibited an increased elasticity of the final product. A series of surface tension and microfluidics 
experiments on mannitol-based gelator confirmed its ability to act as a surface-active agent and to 
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1.1 Gels and Gelators: An Overview 
Gels are characterized as viscoelastic solid-like materials that consist of two components, 
a solvent and a gelator, where the solvent is entrapped in a 3D network formed by the gelator [1]. 
The solidity of a gel is due to the 3D gelator matrix. Despite their solid-like nature, in contrast to 
solids such as metals and ceramics, gels are very soft, property which renders them capable to 
undergo large deformations [2].  
Aqueous gels formed from protein and polysaccharides are the major component of the 
mammalian tissues with the main task of facilitating the transport of ions and molecules [2]. In our 
everyday life gels represent an indispensable part of numerous formulations throughout various 
industries. These formulations range from shampoo, toothpaste and other cosmetics to contact 
lenses and gel pens with direct applications in food, medicine, cosmetics and other industries [1].  
Depending on the type of the gelator, gels can be classified as polymeric, when the 3D 
network is formed by polymers (macromolecules), or as molecular gels, when low molecular 
weight gelators (LMWGs) are used to form the 3D network. The key distinction between 
polymeric gelator and LMWG is that the former has molecular weights more than 10,000 Daltons 
while the latter is usually less than 10,000 Daltons [3]. 
Most of the natural gelators such as gelatin, collagen, gellan gum etc. are macromolecules 
and form gels by physical cross-linking [1]. In both synthetic and natural polymeric gels, the 3D 




interactions. The main difference between these two types of the gel formation lies in such property 
as thermoreversibility. While chemically crossed-linked polymeric gels cannot be redissolved and 
are thermally irreversible, purely physical interactions of macromolecules in a gel, namely, 
physical entanglement, are thermoreversible [1].  
Molecular gels, on the other hand, are supramolecular gels and are formed via self-
assembly of gelator molecules into Self-Assembled Fibrillar Networks (SAFiNs). At an optimal 
concentration, the fibers entangle and form a 3-D network, which is able to trap the solvent and 
thus form a gel. The self-assembled network in a supramolecular gel is built exclusively on a 
combination of various non-covalent (physical) interactions, such as H-bonding, van der Waals 
forces, p-p stacking, solvophobic/hydrophobic forces etc. Such weak interactions of the self-
assembled network allow the supramolecular gel to become liquid (turn into sol) upon heating and 
back to a gel upon cooling [1, 3, 4]. The summary of the classification of the gels is presented in 
Figure 1. 
 




1.2 Amphiphilic Molecules and Aggregate Formation 
LMWGs belong to a class of organic molecules known as amphiphiles. The term 
amphiphile was suggested by Hartley back in 1936 [6]. It is derived from Greek amphi meaning 
“both” and phile meaning “like”, which refers to its possessing both hydrophobic and hydrophilic 
properties. Such property of amphiphilic molecules results in their ability to self-assemble into 
what is called soft structured materials [3, 7]. The main structural families of amphiphilic 
molecules include monomeric, lipid-like, catanionic, gemini and bola-amphiphile. The lipid-like 
type consists of one hydrophilic head group and two hydrophobic chains and represents the vast 
majority of amphiphilic molecules [3]. The geometries of the main types of amphiphilic molecules 








Figure 2. Structures of amphiphilic molecules: a) monomeric; b) lipid-like; c) catanionic; 
d) gemini; e) bola-amphiphile. Oval represents hydrophilic part and the hydrophobic part is 
represented by a “tail” 
 
Due to their dual nature, amphiphilic molecules exhibit anisotropic behavior and therefore 
orient themselves in a certain way depending on the polarity of a solvent [8]. While single-chained 




pattern as bilayer sheets [9]. In an aqueous solution, for example, ionic head groups of micelles 
will be positioned near the water, while the hydrophobic tails will be oriented inward.  
The stability of amphiphiles in solution is due to a great number of weak forces, which, 
once combined, become strong enough to hold amphiphilic molecules together [10, 11]. Such soft 
interactions give amphiphilic molecules an advantage by making them flexible and able to reverse 
the self-assembled structure when the environment changes [12].   
The main noncovalent forces responsible for holding together the self-assembled 
amphiphilic molecules are H-bonding, hydrophobic effects, electrostatic interaction and van der 
Waals forces with the strength ranging from 5kJ mol-1 for van der Waals forces to 120 kJ mol-1 for 
H-bonding [12]. Hydration of the hydrophilic headgroups of the amphiphilic molecules results in 
the enthalpy gain in solvation due to H-bonding, while the hydrophobic effect is associated with a 
gain in entropy [12].  
The idea of hydrophobic interactions was introduced by W. Kauzmann in 1959 and is in 
the core of the tendency of hydrophobic molecules to self-assemble in a polar environment [13]. 
Upon the addition of a hydrophobic compound to an aqueous solution, the H-bonding is disrupted 
making the water molecules rearrange around the hydrophobic molecules. The self-assembly of 
nonpolar molecules is accommodated by the creation of large cavities and formation of new H-
bonding in the form of clathrates around the hydrophobic molecules [12].    
The simplest example of an amphiphilic self-assembly is micelle formation – a mesoscopic 
assembly which is partly stabilized by hydrophobic forces [14]. The two competing forces - 
interfacial energy of the micelle core and the conformational distortion energy - drive the formation 




free-energy contributions: creation of an interface as per the nucleation theory [15] on one hand, 
and an entropic contribution, on the other [14]. These contributions are responsible for a limited 
number of configurations that an amphiphilic molecule can take in a polar environment with 
hydrophobic tails bound to the inside of the micelle and the hydrophilic heads are restricted to the 
micelle surface, which, in its turn, allows a micelle to grow only up to a certain finite size [14]. 
Overall, spontaneous self-assembly occurs when the requirement of the minimum energy 
configuration at equilibrium is satisfied, resulting in a lower entropy of the self-assembled 
structure when compared to the isolated components on one hand, and a higher entropy of the 
surroundings, on the other [12]. 
The hierarchal nature of self-assembly of amphiphilic molecules results in formation of 
different morphologies, from micelles and vesicles at very low concentrations of the amphiphiles 
to rods and lamella at higher concentrations [16-18]. 
 




The micellization process is directly related to the concept of critical micelle concentration 
(CMC), which is an integral part of the closed association model [19]. The closed association 
implies a discontinuous formation of compact finite-size micelles [19]. Overall, aggregates formed 
by amphiphilic molecules have a finite size leading to micellization, whereas infinite aggregates 
would lead to phase separation [20].  
It has been shown that amphiphilic molecules self-assemble into aggregates at a certain 
solute concentration, whereas at low concentrations molecules form isolated monomers [20]. Once 
the monomer concentration reaches a certain value, it will not increase any further. This solute 
concentration is called critical micelle concentration – CMC. At this value adding more solute 
molecules will result in the formation of more aggregates while the monomer concentration will 
remain the same. Above the CMC value, though, a separate phase will form that will consist of an 
aggregate of infinite size. For example, oil added to water will form disperse monomers first until 
the critical concentration is reached, after which the oil will separate into an oil phase representing 
a very large spherical aggregate. Presence of a single interface that separates the two phases (water 
and oil), would be an indication of a two-phase system, while in a system where the aggregate 
distribution does not change throughout the system and this system does not depend on the size 
nor structure of the aggregates, a single phase will be observed [20]. 
The nucleation process, involving either the formation of a new phase or a new structure 
via self-assembly [21], can employ two possible mechanisms: coalescence and Ostwald ripening 
[20]. If the forces between the small droplets undergoing the nucleation process are monotonically 
attractive, the system will undergo the coalescence path, while the mechanism involving a 
diffusion of individual solute molecules between the droplets via solvent, is known as Ostwald 




are more energetically stable due to a lower surface to volume ratio and therefore, a lower energy 
state [22]. This process results in “shrinking” of the smaller droplets which have less energetically 
stable molecules on the surface which detach, diffuse through the solution and attach to the surface 
of larger ones, thus allowing the large droplets to keep growing [22].  
 
1.3 Self-Assembly Geometry and Critical Packing Parameter 
In order to design am amphiphilic molecule capable of forming three-dimensional fibrillar 
networks via self-assembly, several properties need to be taken into account to allow the molecule 
to self-organize in a desired fashion. The major forces driving the self-assembly of amphiphiles 
are due to the hydrophobic attraction of the hydrocarbon tails and the hydrophilic repulsion of the 
headgroups. Thus, an optimum headgroup area would keep the total interfacial interaction energy 
of the molecule minimum, while the hydrocarbon chain length and volume would define how the 
chains could pack inside an aggregate [3].  
Even though such external parameters as temperature, pH, solute concentration, salinity 
etc, have a great effect on the morphology of an amphiphilic aggregate, the packing parameter is 
definitely among the most important ones, despite its assumption of a symmetric shape of an 
aggregate [3].  
Packing parameter can be expressed as the ratio of area per chain to the area per head of 
an amphiphilic molecule via the following formula: p = "
#$%
 , where a0 is the headgroup area, l is 





Figure 4. Packing parameter of an amphiphilic molecule [3] 
 
As suggested by J. Israelachvili, various interactions between the three variables which 
determine the packing parameter define the packing shapes of the amphiphilic molecules.  Thus, 
for p < 1/3 the critical packing shape (CPS) will be a cone which will form spherical micelles; for 
p in the range 1/3-1/2 the CPS will be a truncated cone forming cylindrical micelles; p of 1/2-1 
will result in cylinders aggregated in flexible bilayers, vesicles, and for the p values >1 the 
molecules will form inverted truncated cones or wedges and result in the aggregates for inverted 
micelles or planar bilayers [3, 23]. Based on the predictions of the packing geometry it can be 
concluded that the aggregates will tend to “straighten out” and form lamellar structures with the 
increase of the hydrophobic area. 
 
1.4 Molecular Gels and SAFiN Formation 
The ability of gelator molecules to self-assemble is in the core of their ability to produce 
molecular gels. A typical molecular gel includes primary, secondary and tertiary structures [16]. 
The nucleation process between the molecules begins above CMC and leads to the formation of 
1-D objects such as fibers and rods. Thus, primary structures include aggregation or self-assembly 




involved at this stage: electrostatic interactions, hydrogen bonds, pi-pi stacking, hydrophobic 
effect, van der Waal forces etc. Fibrous secondary structures are formed by unidirectional 
assembly of primary structures and are measured on nano-to micrometer scale [24]. The 
interconnection of secondary structures leads to the formation of Self-Assembled Fibrillar 
Network, (SAFiNs), which represents a tertiary supramolecular structure - 3-D self-assembled 
fibrillar network [16] on micro- to millimeter scale [24]. 
A particular design of gelator molecules and a choice of the solvent used to form a 
molecular gel can affect the primary structure and the morphology of the secondary structure of a 
molecular gel. With the tertiary structure affecting the macromolecular properties of the molecular 
gel, it is important to control both gelator-gelator and gelator-solvent interactions as very strong 
secondary interactions will lead to precipitation or crystallization of the gelator instead of gel 
formation [24]. 
The formation of SAFINs is due to a fragile hydrophobic/hydrophilic balance of the 
amphiphilic molecules in order for them to be solvated without precipitating on one hand, and to 
exhibit aggregation behavior, on the other. Along with multiple factors such as gelator structure 
and concentration, polarity of the solvent, and ambient temperature affecting the gelation process 
itself [25-27], other various factors influence the formation of SAFiNs [25, 28]. For example, 
cooling rate determines the length of the fibers: a faster cooling might result in the formation of 
shorter fibers, while a slower cooling rate might produce longer fibers [28]. The length of the 
fibers, in its turn, would affect such physical parameters of an oleogel as the hardness and 
compactness [28]. The high length – diameter ratio (aspect ratio) of the formed fibers enhances 
gelator-solvent interactions by capillary forces thus increasing the efficiency of molecular gelators 




supersaturation results in interconnected fibrillar network with little side branching, high-
supersaturation would favor highly branched fibers at the growth front leading to the formation of 
a spherulitic network [25].   
As mentioned above, one of the main features of molecular gels is their thermoreversibility: 
the gels form a fluid solution once heated and reform a gel once the solution is cooled down. Since 
the main forces responsible for the formation of fibrillar network of the gelator are van der Waals 
forces, hydrogen bonding, aromatic interactions, ionic or organometallic coordination bonding, 
the interconversion between gel/sol phases is due solely to the assembly/disassembly of the gelator 
molecules with no change in the chemical composition [3, 30]. This property places molecular 
gels within the physical gel family with thermoresponsiveness being their intrinsic property. At 
the same time, molecular gels are mechanically irreversible: broken gels cannot be reformed unless 
heated and then cooled down again. Mechanical irreversibility of the gels might be due to the 
junction points of the 3-D networks being static points with attractive interactions between fibers 
which cannot reform once broken [3]. 
As opposed to chemical (cross-linked) gels, physical gels are capable of responding to 
various stimuli at different levels which might include change in fiber properties, formation or 
destruction of junction zones, self-assembly extension, structural and packing geometry changes. 
Various stimuli will result in various gel responses. For example, since association in molecular 
gels is driven by enthalpy, an increase in temperature will shift the equilibrium towards dissolution 
of fibers. A gel-to-sol transition will occur at a certain temperature Tg at which the fraction of 
fibers decreases below a critical value. Chemical triggers such as acid or base, metal ions, reactive 
gasses can also affect the Tg value and, therefore, the association equilibrium of the gel via either 




to a temperature change or mechanical stress might include reversible shrinking and swelling due 
to a temperature change or transition of a gel to a viscous fluid upon application of a mechanical 
stress [3].  
Since molecular gel formation might be controlled by temperature, change in pH or ionic 
strength, preparation of molecular gels can be achieved by various ways. Initially amphiphilic 
molecules either remain as a precipitate or are dispersed in the solvent, and in order to form a gel, 
amphiphilic molecules need to be solubilized by heating and then cooling below what is known as 
Krafft point – minimum temperature at which micelles are formed [3]. Another method of gel 
preparation includes dissolving the amphiphilic molecule in one solvent and then adding another 
one in which the molecule is not soluble. An indication of a metastable state rather than 
thermodynamic equilibria of a gel would be formation of a precipitate: the gel precipitates due to 
a rapid dissociation and association of the dynamic entanglement of micelles forming the gel [3, 
31]. 
 
1.5 Surfactant and Interfacial Properties of Amphiphilic Molecules 
Amphiphilic molecules that behave as surface active agents, which involves their ability to 
adsorb at the interface, are called surfactants [32]. Surfactants are a vast class of molecules with 
the ability to act as emulsifiers, wetting agents, detergents, foaming and anti-foaming agents etc. 
[33]. 
The distinct characteristic of surfactants is their ability to lower surface tension (water-air 
system) or interfacial tension (oil-water system) or exhibit wetting properties (liquid-solid system) 




forces between the two liquids and is defined as the minimum amount of work needed to modify 
unit area of the interface [32]. The interfacial tension is directly proportional to the difference in 
surface tension between the two liquids. An efficient surfactant will significantly reduce the 
surface tension and will exhibit a lower CMC value when compared to others [34]. 
Since all surfactants have an amphiphilic nature, they will not be completely soluble in a 
solvent. Thus, in a polar solvent the hydrophobic part of the surfactant molecule will distort the 
structure of the solvent medium and some molecules will be pushed to the interface of the system. 
The surfactant molecules will therefore create a single layer on the surface of the polar solvent and 
the molecules will orient themselves in a way as to minimize the contact with the polar solvent. 
This way the hydrophobic part of the molecule will be aligned towards the nonpolar part of the 
system (either air or nonpolar solvent). Due to the similarity in the nature of the nonpolar system 
and the hydrophobic part of the surfactant at the surface, the surface tension of the solvent 
decreases. The hydrophilic part of the surfactant, on the other hand, assures that the molecules are 
not completely forced out of the polar solvent, in which case they would just form a separate phase 
[32]. 
The hydrophobic part of the surfactant plays an important role in the surfactant’s behavior. 
Thus, the length of the hydrophobic part of the surfactant molecule is inversely proportional to its 
solubility in polar solvents on one hand, and directly proportional to its ability to adsorb at the 
interface or form micelles as well as to allow a closer packing at the interface, on the other [32]. 
The effectiveness of a surfactant as expressed through measurement of the surface excess 
concentration, which is defined as the maximum value that adsorption can reach [32, 35, 36]. This 




interface and to further predict surfactant’s properties such as its emulsification, wetting, foaming 
etc. [37]. The main factors affecting the surface excess concentration are 1) the difference in the 
interfacial tension between the two phases: the greater the interfacial tension between the two 
liquids, the greater the saturation adsorption; 2) the alkane chain length of the nonaqueous phase: 
the effectiveness of adsorption increases with the increase of the alkane chain; 3) temperature: due 
to an increase in thermal motion caused by the increase in temperature, the area per molecule 
increases which results in decrease in the effectiveness of adsorption [32].  
Another factor affecting the ability of an amphiphilic molecule to lower surface tension of 
a liquid is its Hydrophile-Lipophile Balance (HLB) and the interaction with the solvent system 
[38].  
Since surfactants can exhibit various types of behavior, one way to predict whether it will 
function as an emulsifier or a wetting agent etc, is to calculate its HLB value. The most commonly 
used method is the one proposed by W. Griffin [39-40], which takes into account the ratio of the 
hydrophobic and hydrophilic parts of a molecule. Even though this method cannot predict the 
efficiency of a surfactant, it allows to anticipate its interaction with the solvent and as a result the 
type of emulsion that could be formed [41].  
 
1.6 Sugar Alcohol-Based Molecular Gels 
Sugar alcohol-based molecular gels represent a relatively new direction in the molecular 
gel design and have already proven to be able to successfully replace structured vegetable oils in 
food industry as well as to find potential applications across various other industries [42-47]. Sugar 




as reduced-calorie sweeteners that have consistently been used in food industry due to such 
properties as incomplete absorption which causes only a small change in blood sugar and caries-
reducing agents [48]. 
From the point of view of their chemical structure, sugars are classified as closed-chain 
and open-chain [49]. Sugars can also be reducing and non-reducing depending on whether they 
possess a hemiacetal functional group. While the open-chain sugars such as sorbitol, xylitol etc. 
have been used in food-related novel formulations due to their noncalorific nature, close-chain 
sugars such as trehalose and amygdalin have been used in various cosmetic formulations. 
Trehalose, in particular, has been extensively used in cosmetic formulations due to its 
unique hydrating properties [50-51], while mannitol has been known for its decreased calorie 
content and thus has been widely used in sugar-free food formulations [52-53]. 
 
1.7 Trehalose- and Mannitol-based Low Molecular Weight Gelators 
Trehalose is a non-reducing sugar representing a disaccharide α, α-trehalose which consists 
of two 1,1 linked glucose molecules [54] and has the molecular formula of C12H22O11. The stability 
of the molecule comes from its unique physical properties. It initially melts at 97 °C, resolidifies 
at 130 °C as the water of crystallization is removed by heat, then the anhydrous trehalose melts at 
203 °C [55]. 
Trehalose has been found in yeast, plants, algae, fungi, bacteria and insects, but has not 
been observed in higher order species (mammals) although the digestive enzyme for trehalose has 




various food sources, trehalose thus has been known to constitute a significant part of human diet 
[57].  
One of the unique aspects of trehalose is its ability to contribute to the stabilization of life 
processes of organisms that can survive either freezing or dehydration [54]. Apart from being an 
energy source, this sugar has also been shown to acts as a protection against osmotic stress, heat 
shock, stabilizer during dormancy [55]. 
The effect of stabilization of living organisms by trehalose might be due to its high 
hydration potential and the ability to stabilize lipid bilayers by ordering the water molecules around 
the membrane [58].  
Interestingly, it has been shown that despite multiple hydroxyl groups, one trehalose 
molecule can bind only two-three water molecules at specific sites – property responsible for the 
unique hydrating abilities of this molecule [51]. 
 
Figure 5. Schematic representation of the water ordering ability by trehalose. This property 






A unique ability of trehalose to form a non-hygroscopic glass stable at high temperatures 
[59] and alternate between the dehydrate and anhydrous forms in a glass [56] might be responsible 
for allowing biomolecules to return to their native structure following a rehydration [60]. A 
remarkable chemical stability of trehalose is due to its being highly resistant to hydrolysis and 
chemically inert in its interaction with proteins due to 1,1 glycosidic linkage.  
 Mannitol, an isomer of sorbitol, is a polyol with the molecular formula of C6H14O6. It has 
been found in some organisms such as fungi and bacteria as a reserve carbohydrate [61], is only 
half as sweet as sucrose and has been shown to efficiently mask bitter taste [53, 62]. 
Particular properties of mannitol allow its extensive use in food industry: it has a pleasant 
taste, it’s stable and has a high melting point of 165-169 °C [53]. Positive health effects of mannitol 
are due to the fact that it is poorly absorbed and therefore does not raise blood glucose significantly 
when compared to ingestion of sucrose [63].  
 Interestingly, as per US FDA and European Commission, mannitol does not promote tooth 
decay and is regarded as a safe food additive [64]. Not being a reducing sugar, it does not undergo 
the Maillard reaction and can therefore be used in tableting applications since the tablet will not 
turn brown or discolor [65].   
With an increased use of pre-, pro- and postbiotics in the food industry, mannitol has an 
additional advantage of its incomplete absorption in the digestive tract since this property results 
in its being fermented by bifidobacteria and lactic acid bacteria, placing mannitol among potential 
prebiotic ingredients [61].   
 As mentioned above, both trehalose and mannitol have been extensively used throughout 




attaching aliphatic chains to the polar sugar head results in an amphiphilic molecule that has a 
potential to act as a gelator and a surfactant and thus would have multiple applications in cosmetic, 
food and pharmaceutical industries. 
 Esterification of these sugars has not been seen on commercial scale yet, however, the 
synthetic procedure developed by Dr. John and his colleagues led a way to further exploration of 
synthesis of alcohol sugar derivatives by other research groups [66-68].    
 
Aim of Study 
We hereby present an environmentally friendly synthetic procedure of trehalose- and 
mannitol based derivatives, their characterization, gelation ability and surface activity. In this work 
these gelators are explored for their potential application in cosmetic and food industries as a 






EXPERIMENTAL SECTION: MATERIALS, METHODS AND TECHNIQUES 
2.1 Materials 
Trehalose anhydrous, D-mannitol sugar and respective vinyl esters were purchased from 
TCI America (Portland, OR). Lipase from Candida Antarctica was provided by Novozymes North 
America as Novozyme 435 (Franklinton, NC). Hexanes and acetone were purchased from Fisher 
Scientific Company (Suwannee, GA). Olive oil, highly refined, low acidity was purchase from 
Sigma Aldrich (St. Louis, MO). Sylgard 184 Silicone Elastomer Kit was purchase from Dow 
Silicones Corporation (Midland, MI). Rhodamine was purchased from Sigma Aldrich (St. Louis, 
MO). 
 
2.2 Synthesis, Purification and Characterization Techniques of Trehalose- and Mannitol-
Based Amphiphiles 
2.2.1 Synthesis and Purification 
Five trehalose derivatives - trehalose dibutyrate (Tr4), trehalose dihexanoate (Tr6), 
trehalose dioctanoate (Tr8), trehalose didecanoate (Tr10) and trehalose didodecanoate (Tr12) – as 
well as mannitol dioctanoate (M8) were synthesized following the protocol described below.  
In order to synthesize trehalose-based derivatives, solid Novozyme 435 lipase (0.146 g) 
was added to a mixture of trehalose (1.46 mmol, 0.5 g), vinyl ester (7.3 mmol) and 14.6 mL dried 
acetone in a 500 mL screw-cap Erlenmeyer flask. For the synthesis of mannitol dioctanoate, solid 




octanoate (27.45 mmol, 5.64 mL) and 54.9 mL dried acetone. The respective reaction was set up 
in an orbital shaker at 250 rpm and 50°C.  
The reaction progress was monitored by thin-layer chromatography (TLC) using two 
solvent systems: 1:9 methanol/dichloromethane and 1:1 hexanes/ethyl acetate. The results of the 
TLC were visualized using the solution of KMnO4 and gentle heating. The product spot varied 
depending on the vinyl ester used with the observed range of Rf = 0.35-0.57.  
Once the formation of the product was confirmed after 48 hours later, the enzymes were 
filtered out, rinsed with acetone, air-dried and stored for reuse. After the evaporation of acetone 
from the filtrate, another TLC test was performed to reveal presence of trehalose-diester product, 
unreacted vinyl ester (Rf =1) and free fatty acid (Rf = 0.82). The solid mixture was washed with 
hexanes three times to remove the impurities. Another TLC test was performed on the purified 
product to confirm absence of impurities. The solid product was allowed to air dry. 
The general reaction scheme of the trehalose fatty acid ester and mannitol dioctanoate 
syntheses are presented in Schemes 1 and 2 below. 
 







2.2.2 Nuclear Magnetic Resonance (NMR) 
1H and 13C NMR were recorded on a 300 Hz Bruker NMR spectrometer. For 1H NMR, 10 
mg of the respective trehalose derivative or mannitol dioctanoate were dissolved in 500 µL 
DMAO-d6. For 13C NMR 25 mg of the respective trehalose derivatives or mannitol dioctanoate 
were dissolved in 500 µL DMAO-d6. Both 1H and 13C NMR were recorded and described for all 
trehalose derivatives and mannitol dioctanoate.  
 
Trehalose	 Trehalose dialkanoate	





2.2.3 Infrared Spectroscopy (IR) 
The IR measurements were recorded on Nicolet 380 FT-IR Spectrometer (Thermo 
Scientific). Prior to each experiment, crystal diamond was cleaned with ethanol and then a 
respective sample was placed onto it. The analysis of the spectra was performed using the ATR 
mode. The spectra were generated via OriginPro 2020.  
 
2.3 Gelation Test and Characterization of Trehalose-Based Gels 
2.3.1 Gelation Test 
Molecular gels are prepared by dissolving 5% or less (w/w) of the gelator in a solvent 
through applied heat in order to disperse the amphiphiles at the molecular level. Upon cooling, a 
3-D fibrillar network forms in the mixture and thus traps and solvent. The vial inversion test is 
usually performed in order to verify gel formation: the vial is inverted upside down and it is noted 









Once the purity of the trehalose derivatives was confirmed, their gelation ability in various 
solvents was tested. 10 mg of the respective gelator was weighed and dissolved in 200 µL of a 
solvent by heating the mixture. The obtained homogenous solution was allowed to cool at room 
temperature. A vial inversion test confirmed gel formation if no flow was observed under the pull 
of gravity.  
 
2.3.2 Minimum Gelation Concentration (MGC) 
Minimum gelation concentration - MGC – is the measure of the gelator efficiency and is 
the minimum amount of the gelator needed to form a gel in a certain amount of solvent. All MGC 
values was expressed as % w/w.  
The MGC is found by adding the solvent in small increments of 50 µL into a vial with the 
fully formed gel of a known gelator concentration. The mixture is heated and then allowed to cool 
down at room temperature and a vial inversion test is performed to confirm the gel formation. The 
process is repeated until no gel forms and the mixture in the vial is flowing under the pull of 
gravity. The amount of solvent at which no gel formation is observed is recorded and the respective 
gelator concentration is calculated and recorded as MGC. 
The trehalose-based gelators were subjected to the MGC measurements in canola oil. 
 
2.3.3 Gel-to-Sol Transition Temperature (Tg) 
Gel-to-sol transition temperature – Tg – is a measure of gel’s thermal stability and is the 




temperature of the gel, an inverted vial with the gel is immersed in an oil-bath and slowly heated. 
The temperature at which the gel melts down is recorded as Tg.  
 The Tg for the trehalose-based gels was determined by immersing 2 mL inverted vials 
containing respective gels into an oil-bath and slowly heated. The temperature at which the gel 
turned into a sol was reported as the gel’s respective Tg.  
 
Scheme 4. Experimental set-up to measure gel-to-sol transition temperature  
 
2.3.4 Optical Microscopy 
For the optical microscopy experiments Leica DM 2000 LED (Leica Microsystems, USA) 
microscope was used to obtain images of the trehalose-based gels. All samples were prepared by 
dissolving 10 mg of the respective trehalose derivative in 200 µL of canola oil by heating the 
sample and then cooling it down to room temperature. The sample was then applied to a glass slide 





2.3.5 Field Emission-Scanning Electron Microscopy (FE-SEM) 
Helios-FIB-FEI 600 was used to investigate the fibrous nature of the gelators. The samples 
were prepared by dissolving 10 mg of the respective gelator in 200 µL of organic solvent ethyl 
acetate by heating and then the samples were cooled down to room temperature. After the 
formation of the gel, the solvent was evaporated from the samples by placing them under a vacuum 
on a silicon 111 wafer for two days. The drying of the sample resulted in xerogels which were 
used in the experiment.  
5nm gold was then sputtered onto the sample surface to prevent charging. FE-SEM 
imagines were acquired in immersion mode with the operating voltage of 3 KV and operating 
current of 25 pA, dwell time was 300 ns. 
 
2.3.6 X-ray Powder Diffraction (XRD) 
PANalytical X'Pert Pro Powder Diffractometer (Philips Panlytical, USA) was used to 
investigate the molecular assembly of the gelators. Two types of samples were investigated: pure 
gelators as a powder and their respective xerogels. Pure gelators were ground into fine powder and 
placed onto a glass cover slide which was then placed onto the holder. In order to prepare xerogels, 
samples were prepared by dissolving 10 mg of the respective gelator in 200 µL of organic solvent 
ethyl acetate by heating and then the samples were cooled down to room temperature. After the 
formation of the gel, the solvent was evaporated from the samples by placing them on a glass cover 
slide and leaving under a vacuum for two days. The glass slide with the xerogel was then placed 




The experiments were performed with the X-ray beam source of Cu 𝐾( at 40 KV and 40 
mA. Small-angle X-ray scattering experiment was performed at the range of 2°-7° with 1/16 anti-
scatter slit, wide-angle X-ray scattering experiments were performed at the range of 5°-50° with 
1/4 anti-scatter slit on all trehalose derivatives using the procedure described above.  
 
2.3.7 Ultraviolet–visible spectroscopy (UV-Vis) 
Evolution 300 (Thermo Scientific, USA) UV-Vis spectrometer was used to investigate the 
intermolecular interactions of the trehalose derivatives in solid state as compared to that for the 
xerogel state and compare the results to those obtained in the XRD experiments. Pure gelators 
were placed onto a glass cover slide which was then inserted into the spectrometer. Xerogel 
samples were prepared by dissolving 10 mg of the respective gelator in 200 µL of organic solvent 
ethyl acetate by heating and then the samples were cooled down to room temperature. After the 
formation of the gel, the solvent was evaporated from the samples by placing them on a glass cover 
slide and leaving under a vacuum for two days. The glass cover with the respective xerogel was 
then inserted into the spectrometer for measurements. 
 For both solid samples and xerogels the scan was performed at the range of 200nm-800nm. 
 
2.3.8 Rheological Measurements 
 All rheological measurements were performed on 302 MCR (Anton Paar, USA). For 
rheological measurements of trehalose-based gels a parallel plate of diameter 10 mm (geometry 




Hz, temperature 25 ℃; b) frequency sweeps: oscillatory strain = 0.02510%, angular frequency 0.1-
10 rad, temperature 25 ℃.  
  The samples were prepared by dissolving 5 mg of the respective trehalose-based gelator 
in 200 µL of canola oil by heating in a vial. Upon the formation of a homogenous liquid, the vial 
was emptied into a mold that was previously placed onto the rheometer’s stage. The gel was 
allowed to cool to room temperature for 5 minutes, after which a rheological experiment was 
performed. 
 
2.4 Preparation of Trehalose-Based Cosmetic Formulations and their Characterization  
2.4.1 Preparation of Trehalose-Based Lip Balms 
Three types of trehalose-based lip balms were prepared: trehalose dioctanoate (Tr8)-based 
lip balm, trehalose didecanoate (Tr10)-based lip balm and 50% trehalose dioctanoate (Tr8) - 50% 
trehalose didecanoate (Tr10) based lip balm. For the formulations containing 100% of the 
respective gelator 200 mg of the gelator (Tr8 or Tr10) were added to a vial containing 350 mg of 
shea butter, 100 mg of coconut oil and 350 mg of olive oil. The mixture was then heated and once 
the homogenous solution was formed, the mixture was poured into a lip balm container and 
allowed to cool down at room temperature.  
For the lip balm formulations containing 50% Tr8-50% Tr10 100 mg of Tr8 and 100 mg 
of Tr10 were added to a vial containing 350 mg of shea butter, 100 mg of coconut oil and 350 mg 
of olive oil. The mixture was then heated and once the homogenous solution was formed, the 




2.4.2 Rheological Characterization of Trehalose-Based and Commercially Available Lip 
Balms 
All rheological measurements were performed on 302 MCR (Anton Paar, USA). For 
rheological measurements of trehalose-based gels a parallel plate of diameter 10 mm (geometry 
gap = 1 mm) was used for a) amplitude sweeps: oscillatory strain = 0.001% -100%, frequency 1 
Hz, at temperatures of 25 ℃, 37 ℃ and 50 ℃; b) frequency sweeps: oscillatory strain = 0.0100% 
for the temperatures of 25 ℃ and 37 ℃ with the exception of beeswax-containing commercial lip 
balm for which oscillatory strain = 0.00500% for the temperature of 25 ℃ and 0.00400% for the 
temperature of 37 ℃; oscillatory strain  = 0.00100% for the temperature of 50 ℃; angular 
frequency 0.1-10 rad, temperatures of 25 ℃, 37 ℃ and 50 ℃.  
The samples were prepared by mixing 70 mg of shea butter, 20 mg of coconut oil, 70 mg 
of olive oil and 40 mg of Tr8 or Tr10 for the formulations containing 100% of the respective 
gelator. For the formulation containing 50% Tr8 and 50% Tr10 70 mg of shea butter, 20 mg of 
coconut oil, 70 mg of olive oil, 20 mg of Tr8 and 20 mg of Tr10 were mixed in a vial. The vial 
was then heated and upon formation of a homogenous solution, the mixture was poured into a 
mold and allowed to cool down at room temperature for two hours. The mold was then removed 
and the lip balm sample was transferred to the rheometer’s stage to perform the experiment.  
The rheological properties of the three trehalose-based samples were compared to the 
commercially available lip balms. Unscented Lip Balm by Badger (W.S. Badger Co., Inc, Gilsum, 
NH) and Natural Vegan Hemp Balm by The Merry Hempsters (Eugene, OK) were purchased from 
a local Whole Foods store. The Lip Balm by Badger is an animal wax-containing (beeswax) lip 




uniform slice of the respective lip balm was cut out from the main lip balm stick and placed directly 
onto the rheometer’s stage for a rheological experiment.   
 
2.4.3 Differential Scanning Calorimetric Analysis of Trehalose-Based and Commercially 
Available Lip Balms 
DSC 822e (Mettler Toledo, USA) was used to assess the thermal stability of both the 
commercially available and trehalose-based lip balms. The samples were prepared by using the 
same procedure as described above in Section 2.5.2 Rheological characterization of Trehalose-
Based and Commercially Available Lip Balms. The prepared lip balm samples were placed into a 
crucible and weighed. The net weigh of the sample was recorded and entered into the software 
before the beginning of the experiment. The crucible with the sample was then sealed and placed 
onto the furnace of the calorimeter.  
The DSC experiment was performed with the following method for each of the five lip 
balm samples: isothermal segment - temperature 25 °C for two minutes; dynamic segment – 
temperature range of 25 °C - 170 °C at the rate of 2°/minute; isothermal segment - temperature 






2.5 Surface Activity Measurements and Microfluidics Test 
2.5.1 Pendant Drop Experiment for Mannitol Dioctanoate (M8) and Trehalose 
Didecanoate (Tr10) 
A pendant drop experiment was performed using Attension optical tensiometer (Biolin 
Scintific (KSV Instruments)) and Oneattension software in order to check surface activity of M8 
and Tr10 and measure their dynamic tension reduction as the amphiphilic molecules adsorbed to 
the oil/water interface. Three concentrations of M8 in olive oil were prepared and tested 0.001%, 
0.01% and 0.1%. Two concentrations of Tr10 in olive oil were prepared and tested 0.001% and 
0.01%. 
Prior to conducting the experiments, the instrument was calibrated. For the experiment a 
clean 250 µL Hamilton syringe was filled with a respective solution of M8 or Tr10 in olive oil 
ensuring the absence of air bubbles inside the syringe. An inverted stainless steel 22g needle was 
firmly attached to the syringe and the system was attached to a holder. The needle was then lowered 
into a quartz cell previously filled with deionized water and the image was focused onto the active 
area of a camera. A pendant bubble was formed at the tip of the inverted needle and the experiment 
was performed with the following settings: image recording for 6000 s at 10% FPS, analysis mode 
of surface tension using the Young-Laplace equation, light phase = olive oil, density 0.895 g/mL, 
heavy phase = water, density 1g/mL, waveform = sine, frequency = 1 Hz, amplitude = 0.5. Once 
the experiment was completed, the surface tension was calculated from the shape of the bubble 





2.5.2 Microfluidics Experiment for Mannitol Dioctanoate (M8) 
A microfluidics device was prepared by mixing 30 g of the base material (mixture of 
dimethyl siloxane, dimethylvinylsiloxy-terminated, dimethylvinylated and trimethylated silica and 
ethylbenzene) and 3 g of the curing agent (mixture of siloxanes and silicones, di-Me, My hydrogen, 
dimethyl siloxane, dimethylvinylsiloxy-terminated, dimethylvinylated and trimethylated silica) in 
a Thinky AR-100 conditioning mixer set up for 2 minutes of mixing and 2 minutes of defoaming. 
The mixture was then poured onto a master design in a petri dish, left under vacuum for 60 minutes 
and then transferred to an oven at 70 °C for 3 hours. 
 
Figure 6. Master design of a microfluidics device 
Once the microfluidics device was ready, it was cut out from the petri dish using a scalpel 
leaving 5 mm of material from the border and inlet/outlet holes were punched. The microfluidics 
device was then cleaned with isopropyl alcohol. A clean glass slide was left in a 0.1 M HCl bath 
for 40 minutes and then rinsed with deionized water. Dry clean glass slide and the microfluidics 




for 45 seconds. The microfluidics device was then placed onto the glass slide and sealed. The 
assembled device was then cured in the oven at 70 °C for 5 minutes.  
Prior to the experiment, M8 gelator was stirred in a saturated aqueous rhodamine solution 
for 24 hours at room temperature. M8 was then filtered using vacuum filtration and dried for two 
days at room temperature. In order to run the experiment, 50 mg of the rhodamine-dyed M8 were 
weighed and added to 5 g of olive oil. The mixture was heated to ensure complete dissolution of 
the gelator and cooled down to room temperature. A BD 5 mL syringe was filled with the prepared 
1% M8 mixture in olive oil and placed in a Harvard Apparatus pump (PHD 2000). A second BD 
5 mL syringe was filled with deionized water and placed into a second pump. Two polyethylene 
tubes (Intramedic, Sparks, MD, I.D. 0.86 mm, O.D. 1.52 mm) were inserted in respective 
inlet/outlet holes and the infused rates on the pumps were set at 10 µL/min for the continuous 
phase (1% mixture of M8 in olive oil) and 1 µL/min for the discontinuous phase (distilled water). 
The experiment was visualized using Morrell fluorescence microscope (Nikon Intensilight C-
HGFI) and Photron Fastcam View software at 60 FRP. 
A schematic representation of the microfluidics device is presented in Scheme 5 below. 
 




RESULTS AND DISCUSSION 
3.1  Synthesis and Characterization of Trehalose- and Mannitol-Based Gelators 
NB: “sac” means saccharide. 
Trehalose dibutyrate (Tr4) 
Yield: 40% (344 mg) 
1H NMR (DMSO-d6, 300 MHz): δ (ppm) 5.06 (d, J = 5.4 Hz, 2H, -OH-4), 4.88 (d, J = 4.9 Hz, 
2H, -OH-3), 4.82 (d, J = 3.6 Hz, 2H, -CH-, H1), 4.78 (d, J = 6.3 Hz, 2H, -OH-2), 4.21-4.26 (m, 
2H, -CH-, H6), 4.01-4.07 (m, 2H, -CH-, H6), 3.87-3.92 (m, 2H, -CH-, H5), 3.50-3.58 (m, 2H, -
CH-, H3), 3.22-3.29 (m, 2H, -CH-, H2), 3.09-3.17 (m, 2H, -CH-, H4), 2.27 (t, J = 7.3 Hz, 4H, 
aliphatic Ha), 1.50-1.57 (m, 4H, aliphatic Hb), 0.88 (t, J = 7.4 Hz, 6H, aliphatic Hc). 
13C NMR (DMSO-d6, 75 MHz): δ (ppm) 173.04 (C=O), 93.57 (sac-C), 72.71 (sac-C), 71.39 (sac-
C), 70.07 (sac-C), 69.74 (sac-C), 63.02 (sac-C), 35.41 (CH2), 18.31 (CH2), 13.29 (CH3). 
IR (neat), cm-1:  3585-3099, 2929, 2873,1726, 1153, 1103, 1074. 
 
Trehalose dihexanoate (Tr6) 
Yield: 31% (245 mg) 
1H NMR (DMSO-d6, 300 MHz): δ (ppm) 5.06 (d, J = 5.4 Hz, 2H, -OH-4), 4.89 (d, J = 4.92 Hz, 
2H, -OH-3), 4.82 (d, J = 3.6 Hz, 2H, -CH-, H1), 4.77 (d, J = 6.0 Hz, 2H, -OH-2), 4.21-4.25 (m, 
2H, -CH-, H6), 4.01-4.06 (m, 2H, -CH-, H6), 3.87-3.91 (m, 2H, -CH-, H5), 3.50-3.58 (m, 2H, -
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CH-, H3), 3.22-3.28 (m, 2H, -CH-, H2), 3.09-3.17 (m, 2H, -CH-, H4), 2.27 (t, J = 7.3 Hz, 4H, 
aliphatic Ha), 1.47-1.56 (m, 4H, aliphatic Hb), 1.18-1.34 (m, 8H, aliphatic Hc), 0.85 (t, J = 6.9 Hz, 
6H, aliphatic Hd). 
 13C NMR (DMSO-d6, 75 MHz): δ (ppm) 173.26 (C=O), 93.96 (sac-C), 73.18 (sac-C), 71.89 (sac-
C), 70.51 (sac-C), 70.19 (sac-C), 63.47 (sac-C), 33.97 (CH2), 31.09 (CH2), 24.62 (CH2), 22.26 
(CH2), 14.25 (CH3). 
IR (neat), cm-1:  3481-3032, 2929, 2869, 1729, 1151, 1102, 1080. 
 
Trehalose dioctanoate (Tr8) 
Yield: 44% (382 mg) 
1H NMR (DMSO-d6, 300 MHz): δ (ppm) 5.06 (d, J = 5.4 Hz, 2H, -OH-4), 4.89 (d, J = 4.83 Hz, 
2H, -OH-3), 4.82 (d, J = 3.6 Hz, 2H, -CH-, H1), 4.77 (d, J = 6.1 Hz, 2H, -OH-2), 4.21-4.25 (m, 
2H, -CH-, H6), 4.00-4.06 (m, 2H, -CH-, H6), 3.87-3.91 (m, 2H, -CH-, H5), 3.50-3.58 (m, 2H, -
CH-, H3), 3.22-3.28 (m, 2H, -CH-, H2), 3.08-3.16 (m, 2H, -CH-, H4), 2.27 (t, J = 7.3 Hz, 4H, 
aliphatic Ha), 1.46-1.56 (m, 4H, aliphatic Hb),1.20-1.30 (m, 16H, aliphatic Hc), 0.85 (t, J = 6.7 
Hz, 6H, aliphatic Hd). 
13C NMR (DMSO-d6, 75 MHz): δ (ppm) 173.25 (C=O), 93.92 (sac-C), 73.18 (sac-C), 71.89 (sac-
C), 70.54 (sac-C), 70.18 (sac-C), 63.51 (sac-C), 34.02 (CH2), 31.57 (CH2), 28.87 (CH2), 28.85 
(CH2), 24.94 (CH2), 22.52 (CH2), 14.38 (CH3). 




Trehalose didecanoate (Tr10) 
Yield: 36% (312 mg) 
1H NMR (DMSO-d6, 300 MHz): δ (ppm) 5.06 (d, J = 5.4 Hz, 2H, -OH-4), 4.89 (d, J = 4.8 Hz, 
2H, -OH-3), 4.82 (d, J = 3.6 Hz, 2H, -CH-, H1), 4.77 (d, J = 6.1 Hz, 2H, -OH-2), 4.20-4.25 (m, 
2H, -CH-, H6), 4.00-4.06 (m, 2H, -CH-, H6), 3.86-3.91 (m, 2H, -CH-, H5), 3.50-3.58 (m, 2H, -
CH-, H3), 3.22-3.28 (m, 2H, -CH-, H2), 3.08-3.16 (m, 2H, -CH-, H4), 2.27 (t, J = 7.3 Hz, 4H, 
aliphatic Ha), 1.48-1.53 (m, 4H, aliphatic Hb), 1.24-1.30 (m, 24H, aliphatic Hc), 0.85 (t, J = 6.7 
Hz, 6H, aliphatic Hd). 
13C NMR (DMSO-d6, 75 MHz):  δ (ppm) 173.24 (C=O), 93.90 (sac-C), 73.18 (sac-C), 71.89 (sac-
C), 70.55 (sac-C), 70.18 (sac-C), 63.53 (sac-C), 34.02 (CH2), 31.75 (CH2), 29.32 (CH2), 29.20 
(CH2), 29.15  (CH2), 28.91 (CH2), 24.94 (CH2), 22.57 (CH2), 14.41 (CH3). 
IR (neat), cm-1:  3482-3073, 2924, 2852, 1726, 1153, 1105, 1076. 
 
Trehalose didodecanoate (Tr12) 
Yield: 33% (342 mg) 
1H NMR (DMSO-d6, 300 MHz):  δ (ppm) 5.06 (d, J = 5.3 Hz, 2H, -OH-4), 4.89 (d, J = 4.8 Hz, 
2H, -OH-3), 4.82 (d, J = 3.5 Hz, 2H, -CH-, H1), 4.76 (d, J = 6.1 Hz, 2H, -OH-2), 4.20-4.25 (m, 
2H, -CH-, H6), 4.00-4.06 (m, 2H, -CH-, H6), 3.86-3.91 (m, 2H, -CH-, H5), 3.50-3.58 (m, 2H, -
CH-, H3), 3.22-3.28 (m, 2H, -CH-, H2), 3.07-3.15 (m, 2H, -CH-, H4), 2.27 (t, J = 7.3 Hz, 4H, 
aliphatic Ha), 1.48-1.53 (m, 4H, aliphatic Hb), 1.23-1.28 (m, 32H, aliphatic Hc), 0.85 (t, J = 6.7 
Hz, 6H, aliphatic Hd). 
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13C NMR (DMSO-d6, 75 MHz): δ (ppm) 173.22 (C=O), 93.87 (sac-C), 73.18 (sac-C), 71.90 (sac-
C), 70.56 (sac-C), 70.17 (sac-C), 63.52 (sac-C), 34.03 (CH2), 31.78 (CH2), 29.51 (CH2), 29.50 
(CH2), 29.48 (CH2), 29.37 (CH2), 29.21 (CH2), 28.92 (CH2), 24.94 (CH2), 22.58 (CH2), 14.40 
(CH3). 
IR (neat), cm-1:  3486-3071, 2915, 2854, 1733, 1148, 1101, 1075. 
 
Mannitol Dioctanoate (M8) 
Yield: 73% (1.741 g) 
1H NMR (DMSO-d6, 300 MHz): δ (ppm) 4.78 (d, J = 5.9 Hz, 2H, -OH-2), 4.31 (d, J = 8.0 Hz, 
2H, OH-3), 4.26-4.31 (m, 2H, -CH-, H1), 3.92-3.98 (m, 2H, -CH-, H1), 3.62-3.70 (m, 2H, -CH-, 
H2), 3.56 (t, J = 8.3 Hz, 2H, -CH-, H3), 2.29 (t, J = 7.4 Hz, 4H, aliphatic Ha), 1.48-1.57 (m, 4H, 
aliphatic Hb), 1.21-1.30 (m, 16H, aliphatic Hc), 0.86 (t, J = 6.7 Hz, 6H, aliphatic Hd). 
13C NMR (DMSO-d6, 75 MHz): δ (ppm) 173.60 (C=O), 69.55 (sac-C), 68.71 (sac-C), 67.33 (sac-
C), 34.05 (CH2), 31.60 (CH2), 28.94 (CH2), 28.88 (CH2), 24.94 (CH2), 22.52 (CH2), 14.39 (CH3). 
IR (neat), cm-1:  3591-3247, 2923, 2848, 1710, 1170, 1109, 1084. 
The reaction used to synthesize trehalose-based amphiphiles is a regiospecific enzymatic 
transesterification reaction. The types of enzymes chosen for this reaction was based on prior 
research studies demonstrating that Candida Antarctica is regiospecific towards primary alcohols 
[45, 66, 69]. As expected, the reaction resulted in only one product, a respective dialkanoate, 
without producing additional products on secondary alcohols.  
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 The choice of a vinyl ester for this reaction was driven by the formation of an aldehyde as 
one of the byproducts, which, by evaporating, pushes the reaction to the right. However, the 
reaction is reversible due to enzymatic hydrolysis and needs to be stopped after 48 hours.    
 All trehalose derivatives represent off-white solid flakes. The formation of the product was 
confirmed by 1H and 13C NMR as well as FT-IR.  
The 1H NMR spectra for all derivatives revealed the same pattern with the sugar skeletal 
protons found within the range of δ = 3.07-5.06 ppm. The sugar-skeletal hydroxyl groups appear 
as doublets within the range of δ = 4.76-5.06 ppm with a proton corresponding to the one attached 
to the anomeric carbon of the glucose unit found at δ = 4.82 ppm for all trehalose-based derivatives. 
All other sugar-skeletal protons appear as multiplets in the range δ = 3.07-4.26 ppm.  
 The protons attached to the terminal methyl group of the aliphatic chains are found at δ = 
0.85 ppm (0.88 ppm for trehalose dibutyrate), while deshielded protons of the methylene group of 
the aliphatic chains appeared at δ = 2.27 ppm. The remaining protons of the aliphatic chains are 
found in the range of δ = 1.18-1.57 ppm. 
The 1H NMR spectra for mannitol dioctanoate showed sugar skeletal protons within the 
range of δ = 3.53-4.31 ppm. The sugar-skeletal hydroxyl groups appear as doublets within the 
range of δ = 4.31-4.78 ppm. The protons attached to the terminal methyl group of the aliphatic 
chains are found at δ = 0.86 ppm, while deshielded protons of the methylene group of the aliphatic 
chains appeared at δ = 2.29 ppm. The remaining protons of the aliphatic chains are found in the 
range of δ = 1.48-1.57 ppm. 
 The 13C NMR spectra of all trehalose derivatives showed a peak at around δ =173 ppm 
corresponding to the carbonyl carbon. The peaks in the range of δ = 93-63 ppm correspond to the 
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sugar-skeletal carbons. The methylene carbons of the aliphatic tail appeared in the range δ = 34-
22 ppm for trehalose derivatives Tr6-Tr12 and δ = 35.41-18.31 ppm for Tr4. The methyl carbon 
of the aliphatic tail appeared at around δ = 14 ppm for trehalose derivatives Tr6-Tr12 and δ = 13.29 
ppm for Tr4.   
The 13C NMR spectra of mannitol-dioctanoate showed a peak at around δ =173.60 ppm 
corresponding to the carbonyl carbon. The peaks in the range of δ = 69.55-67.33 ppm correspond 
to the sugar-skeletal carbons. The methylene carbons of the aliphatic tail appeared in the range δ 
= 34.05-22.52 ppm, while the methyl carbon of the aliphatic tail appeared at δ = 14.39 ppm.  
 FT-IR spectra of the trehalose-based derivatives exhibited characteristic alcohol OH peaks 
in the range of 3585 cm-1 – 3032 cm-1. –C-H peaks appeared at 2915 cm-1 - 2929 cm-1 and 2852 
cm-1 – 2873 cm-1. Ester C=O bond was found at 1726 cm-1 – 1733 cm-1 and the peaks corresponding 
to the aliphatic ether appeared in the 1148 cm-1 - 1074 cm-1 range.  
FT-IR spectra of mannitol dioctanoate exhibited characteristic alcohol OH peaks in the 
range of 3591 cm-1 – 3247 cm-1. –C-H peaks appeared at 2923 cm-1 and 2848 cm-1. Ester C=O 
bond was found at 1710 cm-1 – 1733 cm-1 and the peaks corresponding to the aliphatic ether 
appeared in the 1170 cm-1 - 1084 cm-1 range.  
 
3.2  Gelation Test and Characterization of Trehalose-Based Gels. 
3.2.1  Gelation Test, MGC, Tg and Td 
The newly synthesized trehalose esters were used to prepare various oleo- and organogels. 
An inverted vial test, which is the most common diagnostic test of gelation, was used to confirm 
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the gel formation. The gelation ability of the trehalose-based gelators is presented in Table 1 
below.  
Table 1. Gelation ability of trehalose derivatives in various solvents. G = gel formed, pG=partial 
gel formed, NG= no gel formed. 
Solvent Tr4 Tr6 Tr8 Tr10 Tr12 
Ethyl acetate G G G G G 
Toluene NG G G G G 
Hexanol G G pG NG NG 
DMSO NG NG NG NG NG 
Canola oil G G G G G 
Olive oil G G G G G 
Grapeseed oil G G G G G 
 
While oleogels were formed in a wide range of various oil such as canola oil, olive oil, 
grapeseed oil etc. The ability to gel organic solvents was highly dependent on the polarity of the 
solvent as well as the length of the aliphatic chains. 
A series of experiments were conducted to determine the minimum gelator concentration 
(MGC) of the trehalose ester based gels in canola oil. Trehalose derivatives have exhibited various 
MGC values, however, all of them were less than 1%, which placed the gelators into the category 
of “supergelators”. Tr10 showed the smallest MGC value of 0.06% in canola oil, which is an 
indication of the optimum lipophilic/hydrophilic balance of the gelator and the optimum molecular 
arrangement. The highest MGC value was obtained for Tr4 and amounted to 0.86%.  
MGC values of trehalose based oleogels were inverted for organogels in ethyl acetate. Thus 
while in canola oil Tr4 exhibited the highest MGC value when compared to other derivatives, it 
showed the best gelling properties in ethyl acetate. The situation was opposite for Tr10 which has 
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the highest MGC value in ethyl acetate along with Tr12 and the lowest MGC value in the oil 
(Figure 7). These results suggest high dependence of the gelator efficiency on the solvent polarity 
and the hydrophilic/lipophilic balance of the gelator itself. 
	
Figure 7. MGC values of trehalose-based oleo- and organogels. 
 
Thermal stability of oleogels was tested and the gel-to-sol transition temperature, or Tg, for 
all five samples was measured. All trehalose derivatives exhibited high thermal stability with the 
Tg values well above 100 °C. The highest Tg value was shown by Tr8 and amounted to 151°C. Tr6 
and Tr10 exhibited the second highest values of 142 °C and 144°C respectively. The lowest Tg 
value of 129 °C was shown by Tr4.  
Based on the assessment of the themomechanical stability of the trehalose derivatives, 
organogels were found to be relatively less stable than the oleogels. While both oleogels and 
organogels were kept at room temperature, solvent escaped from the gel matrix of all five 
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organogels while oleogels remained stable. This observation lead us to determine the gel 
decomposition temperature, Td, for organogels. Tr4-based gel exhibited the strongest fiber-solvent 
interaction in ethyl acetate which resulted in the highest Td value of 110 °C. The lowest Td value 
of 65 °C was exhibited by Tr12 due to the increase in its hydrophobic nature when compared to 
Tr4 (vide Figure 8). 
	
Figure 8. Tg and Td values of trehalose-based oleo- and organogels. 
 
3.2.2 Optical Microscopy and FE-SEM 
The morphology of the trehalose-based gels was studied using optical microscopy. Optical 




Figure 9. Optical microscopy studies of the trehalose-based oleogels. 
 
Intermolecular hydrogen bonds between the hydroxyl groups on one hand as well as van 
der Waals forces between the alkyl chains on the other, guide the pattern of the self-assembly of 
amphiphilic molecules. The 3-D supramolecular network is formed due to the self- aggregation 
into needle-like fibers in the solvent. The microscopic analysis of the molecular gels revealed 
formation of needle-like fibrillar network randomly dispersed in an oil matrix. 
It can be seen from the optical microscopy samples that Tr4, Tr6 and Tr8 gelators have 
formed long needle-like fibers, Tr10-based gels possess small fibers, and Tr12 has formed 
spherulitic aggregates (Figure 9). It can be concluded that the morphological differences 
associated with the 3D networks have affected the gelling efficiency of the gelators with small 
fibers (Tr10) being the most efficient.  
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The transparency of the Tr10 oleogel can be also attributed to small fibers of the gelator as 
well as the equilibrium lying towards the solvophobic end and the solvent being able to freely 
penetrate the 3D network. 
The results obtained through SEM confirmed the fibrous nature of the 3D supramolecular 
network of the trehalose-based gels (vide Figure 10).  
 
Figure 10. FE-SEM studies of the fibers from trehalose-based organogels. 
 
It has also been noticed that the diameter of the fibers increases as the aliphatic chain length 
increases. Thus, the diameter of the fibers for Tr6 was found to be within the range of 40nm - 
64nm, while for Tr8 the range is 82nm- 107 nm. 
As evident from the FE-SEM studies in Figure 10, the self-assembly becomes robust upon 
increasing the chain length from Tr4 to Tr10. However, it weakens upon further increase to Tr12 
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which results in decrease in thermal stability of Tr12-based organogel due to reduced 
intermolecular interactions within the fibrillar network.  
The stability of a metastable gel phase is based on the equilibrium in between the 
solvophobic (gelator-gelator) and solvophilic (gelator-solvent) interactions. We attribute the 
comparatively high stability of all our oleogels to the balance in between these critical forces. On 
the contrary, in case of organogels, the equilibrium is relatively more shifted towards the 
solvophobic interactions leading to the time-dependent rupture of the metastable phase. Our results 
unambiguously characterized the selective preference of these gelators towards oil more than 
organic solvents.  
The increase in intermolecular length from Tr4 to Tr12 is also correlated to the 
decomposition temperature, Td. Tr4 has the shortest intermolecular distance and thus is the most 
closely packed which results in the highest Td when compared to the other four xerogels. Tr12 has 
the longest intermolecular distance and therefore the lowest Td with Tr6-Tr10 having all 
intermediate Td values. The closely packed fibers of Tr4 can be seen in FE-SEM images (Figure 
10). 
The MGC of the gelators in ethyl acetate are also in line with the expectations with Tr4 
being the strongest gelator and Tr12 being the weakest due to strong hydrophobic molecular 




3.2.3  XRD and UV-Vis  
The ability of gelator molecules to self-assemble is in the core of their ability to produce 
molecular gels. Any variation in molecular interactions would cause significant changes in 
physical properties of a supramolecular system [70].  
The influence of the difference in self-assembly of trehalose derivatives on physical 
properties was studied for both oleo- and organogels (see Sections 3.2.1 and 3.2.2). Presently, we 
do not have a proper rationalization for the difference in physical properties for both oleo- and 
organogels. However, physical properties could be significantly related to the molecular self-
assembly or the way in which the molecules are arranged within the matrix [71]. Therefore, the 
self-assembly of the organogels was investigated by using powder X-ray diffraction (vide 
Appendix B).  
Peaks obtained from PXRD suggest the following molecular assembly patterns of the pure 
gelators:  
Table 2. XRD results and respective packing patterns of trehalose-based gelators. 
Molecule d values, Å Reciprocal 
ratios 









Tr6 30.05:21.09:18.26 1:1/ 2: 1/ 3 Rectangular columnar a=61, b=22.5 













Both Tr4 and Tr10 exhibit biphasic tetragonal columnar (Colt) and hexagonal columnar 
(Colh) molecular assembly, vide Table 2. The gelators with the intermediate molecular length such 
as Tr6 and Tr8 exhibit monophasic assembly with rectangular columnar (Colr) and Colh packing 
patterns, respectively. Interestingly, the biphasic molecular assembly of Tr4 changes to 
monophasic with the relative increase in chain length (Tr6 and Tr8). Further increase to Tr10 
brings the molecular assembly back to biphasic with the retention of the monophasic features again 
in Tr12. 
The molecular packing patterns given in Table 2 were calculated from the lattice constants 
‘a’ and ‘b’ using d the spacings for the respective patterns according to the equation (1, for Colr 















   (2) 
As expected, with the lattice constant being directly proportional to the molecular length 
d, they both increase with the aliphatic chain length of the gelators, where the most significant 
increase is observed from Tr4 to Tr6.  
Table 3 depicts the molecular packing parameters for the xerogels. In contrast to the solid 
gelators, all the xerogels (Tr4-Tr12) exhibited monophasic Colh molecular assembly, giving rise 
to high aspect ratio fibers. The schematic representation of Colh molecular packing is presented in 





Table 3. XRD results and packing patterns for trehalose-based xerogels. 
Gelator d values, Å Reciprocal ratios Packing pattern a values, Å 
Tr4 16.57:10.56:8.37:7.00 1: 1/ 3: 1/ 4 Hexagonal columnar 19.13 
Tr6 29.28:16.73:14.05:12.06 1: 1/ 3: 1/ 4 Hexagonal columnar 33.81 
Tr8 18.87:12.22:10.18:7.30 1: 1/ 3: 1/ 4 Hexagonal columnar 21.79 
Tr10 21.99:12.18:10.46:8.30 1: 1/ 3: 1/ 4 Hexagonal columnar 25.39 
Tr12 24.01:13.33:12.06 1: 1/ 3: 1/ 4 Hexagonal columnar 27.72 
 
 
Figure 11. The schematic representation of Colh molecular packing.   
 
The increase in the molecular length for pure gelators Tr10 and Tr12 relative to the 
respective xerogels was confirmed by SAXS results where red shift was observed for both 
powders.    
A decrease in thermal stability of Tr12 when compared to other trehalose derivatives is an 
indication of relatively lesser intermolecular interactions in its fiber network (see Section 3.2.1). 
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This observation was confirmed by a decrease in crystallinity for Tr12 xerogel relative to other 
xerogels where the order of crystallinity increased with the increase in the chain length. From 
PXRD analysis, the drastic increase in the columnar length a for Tr6 can be related to its bilayer 
assembly owing to the interdigitation of hydrophobic tails.  
The broadening of UV-Vis features (vide Appendix B), greater Mie scattering (tails 
extending above the baseline) and redshift of lmax signifies stronger intermolecular interactions of 
the trehalose derivatives in solid state as compared to that for the xerogel state. This trend is also 
described previously in the XRD analysis section where the aggregates in solid phase exhibit 
relatively better order and crystallinity than that for the xerogels.    
 
3.2.4  Rheological measurements 
Rheological studies were conducted on trehalose-based oleogels. Trehalose-based 
organogels were not subjected to the rheological analysis as the solvent evaporated from a gel 
placed on the platform before the experiment was over.  
Flow and deformation properties of the trehalose-based oleogels were measured via 
amplitude sweeps while the strength of the gels was evaluated based on frequency sweep tests. 
All tested oleogels exhibited a characteristic gel behavior with G’ > G”, which suggests 
that elastic behavior dominates the viscous one. Distinct plateau regions for both G’ and G” were 




Figure 12. Amplitude Sweep tests for trehalose-based oleogels 
Among the oleogels, Tr8 exhibited the highest G’LVR value of ~ 95 kPa as well as the 
highest G’ value of ~ 7.5 kPa at the crossover point. For better comparison, we have plotted the 
avg G’LVR values of oleogels in Figure 13.  
Overall, the results obtained following the thermal studies of oleogels correlated well with 





Figure 13. G’LVR, critical strain and yield zone for trehalose-based oleogels 
 
A high G’ value indicates high rigidity of a gel. Being therefore rather inflexible, a gel in 
this case will be more brittle and thus exhibit a low critical strain value, 𝜏=. Tr8 fits perfectly the 
observations above as its high G’LVR value correlates with its low 𝜏= value of only 0.03% and the 
overall narrow yield zone of 1.96%. The opposite is true for Tr4 and Tr12 based gels. These gels 
can be classified as elastic since both possess lower avg G’LVR values on one hand, and on the 
other hand, both have higher 𝜏= values along with the largest yield zones of 6.2%.  Along these 
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lines Tr6 also behaved in a similar fashion: a lower G’LVR value is associated with a higher critical 
strain and a relatively low yield zone.  
Interestingly, Tr10 exhibited a higher G’LVR value of 15.6kPa along with a higher critical 
strain value of 0.16% and a relatively high yield zone of 3.16%. This peculiar behavior makes it a 
strong and elastic gel compared to others.  
Even though none of the trehalose-based gels satisfied the rheological requirement of a 
strong gel with G”/G’ (𝜔) ≤ 0.1, the smallest values of tan 𝛿 =	0.16 in the LVR was observed for 
Tr10. Tr4 exhibited the largest tan 𝛿 value of 0.31.  
In order to confirm gel like behavior of the oleogels frequency sweep tests were performed 
on the oleogel samples.  
During the frequency sweep tests all samples exhibited a characteristic gel behavior with 
almost parallel straight lines with G’ > G” in the whole frequency range. Parallel lines suggest 
frequency independence of the gels on one hand, and their strength, on the other. Thus, Tr8 
exhibited the highest G’ values in both low and high frequency regions, which is characteristic of 




Figure 14. Frequency sweep tests for trehalose-based oleogels 
 
3.3  Trehalose-Based Lip Balm Formulations  
 Based on the rheological performance of the samples, the Tr8 and Tr10 gelators were 
chosen for two lip balm formulations; a third formulation was prepared using a 50%/50% mixture 
of the two gelators. In all formulations commonly used wax was completely replaced with the 
respective gelators.  
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 Following the preparation procedure described in Section 2.4.1, the finished product 
resulted in an off- white solid forming a stick strong enough to retain its shape under normal 
conditions.   
 
Figure 15. Trehalose-based lip balm formulation and the final product 
 
3.3.1  Rheological Assessment of Lip Balm Formulations 
Rheological properties of the trehalose-based lip balms were assessed and compared to two 
commercially available lip balms, one with beeswax and another one with a vegan formulation.  
All three trehalose-based formulations were found to be comparable to the commercially 
available lip balms. The G’LVR values for Tr8-based lip balm were of the same order of magnitude 
as the ones for the commercial vegan formulation and amounted to 1.95x107 Pa. The formulation 
with 50%/50% mixture of trehalose-based gels showed the G’LVR value of 8.10x105 Pa, which was 
one order of magnitude lower than the commercially available beeswax-based formulation, 
however, slightly higher than the Tr10-based formulation.  
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Tr10-based lip balm formulation exhibited a perfect fit of a strong and elastic behavior 
when compared to other lip balms: with the lowest G’LVR value among all tested formulation, it 
exhibited the highest 𝜏= value of 0.1% and the largest yield zone of 3.681%. Even though Tr8-
based formulation showed the highest G’LVR value and a middle 𝜏= value of 0.0315%, it had a 
rather large yield zone of 2.567% when compared to the commercially available formulations, 
which made it significantly less brittle.  
The G’LVR and critical strain values for the formulation with 50%/50% mixture of the two 
gelators were found to be in between the values for the Tr8- and Tr10-based formulations, 
however, the yield zone was slightly larger than the one for Tr8-based formulation, which suggests 
that Tr10 has a significant impact on the elasticity of the final product. Overall, such finding 
suggests that the rheological properties of the final product can be controlled by adjusting the 
percent composition of the two gelators. The details of the G’LVR and yield zone values are 
presented in Figure 16 below.  
 
Figure 16. G’LVR and yield zone for the Tr8- and Tr10- based lip balms formulations and 
their comparison with commercially available lip balms at 25 ºC. BW stands for commercial lip 
balm with animal wax; PW stands for commercial lip balm with plant wax; Tr8 stands for Tr8-
based lip balm; Tr10 stands for Tr10-based lip balm; 50%Tr8 stands for a lip balm with 50% Tr8 
and 50% Tr10 
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The frequency sweep test of the lip balm formulations resulted in almost parallel straight 
lines with G’ > G” in the entire tested frequency range. These results confirmed frequency 
independence of the trehalose-based formulations. The G’ values were very close to the G’LVR 
values found during the Amplitude sweep tests, which confirms the accuracy of the obtained 
results.  The results for both amplitude sweep and frequency sweep tests for the lip balm 
formulations at 25 ºC are presented in Figure 17 below. 
 
Figure 17. Amplitude sweep and frequency seep results for Tr8- and Tr10-based lip balm 
formulations and their comparison to the commercially available lip balms at 25 ºC 
 
 A series of rheological experiments were performed in order to assess the lip balm thermal 
stability and temperature sensitivity. Both amplitude sweep and frequency sweep tests were 
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repeated for all samples at an increased temperature of 37 °C and 50°C (results of the amplitude 
sweep and frequency sweep tests at 37 °C and 50° are presented in Appendix C). The order of the 
G’LVR values remained the same for 37 °C as it was observed for the 25 °C test: the highest G’LVR 
value was yet again exhibited by Tr8-based formulation and amounted to 1.61 x107 Pa, followed 
by the two commercial lip balms, then the formulation of the 50%/50% mixture of the two gelators 
and then Tr10-based lip balm. At 50 °C the order has changed slightly with the formulation of the 
50%/50% mixture of the two gelators outperforming the beeswax-based commercial lip balm (4.81 
x105 Pa vs 2.95x105 Pa). Tr8-based formulation still exhibited the highest G’LVR value of 
1.46x107 Pa, which is line with the DSC results which showed the highest thermal stability of the 
Tr8-based formulation. 
All trehalose-based formulations exhibited higher critical strain values at higher 
temperatures when compared to the commercial lip balms, while all tested formulations showed a 
steady increase in the yield zone with the increase in temperature with the vegan commercial 
formulation reaching 6.7% at 50 °C followed by Tr10-based formulation exhibiting the yield zone 
of 5.3% at the same temperature. Surprisingly, Tr8-based formulation showed the narrowest yield 
zone of only 1.6% at 50 °C. Such low value of the yield zone along with the highest G’LVR value 
and a rather moderate critical strain of 0.05% suggests its more brittle character. Such behavior 
might be due to the significant thermal stability of Tr8-based formulation as was shown by the 
DSC tests. Since 50 °C is rather close to the melting point of the wax-containing formulations, 
waxes become more elastic as the formulations approach their melting point, which explains a 
drastic increase in the yield zone for the vegan formulation at high temperature.       
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During the frequency sweep tests, all samples showed almost straight parallel lines for G’ 
and G’’ at 37 °C indicating their independence of the frequency. However, the pattern was changed 
at 50 °C: all samples started exhibiting frequency-dependent behavior at lower frequencies with 
Tr10-based and vegan formulations remaining more stable for a larger frequency range when 
compared to other samples. The G’ values for both 37 °C and 50 °C frequency sweeps were very 
close to the ones obtained during the amplitude sweep tests, which confirms the accuracy of the 
obtained results. 
 
3.3.2  Thermal Stability of Lip Balm Formulations 
 The thermal stability of the lip balm formulations was assessed via a series of DSC tests in 
which the temperature was increased slowly and the melting point of the formulations was 
recorded. The results of this test are presented in Figure 18 below. 
 
Figure 18. DSC test results of lip balm formulations. 
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As expected, the two commercially available lip balm exhibited the melting point value 
very close to the accepted melting point of waxes:  57 °C for the formulation with animal wax and 
54 °C for the one with plant-based wax. Trehalose-based formulations showed a significant 
increase in thermal stability with the melting points ranging 150 °C - 156 °C. Similar to the 
rheological properties, the formulation with 50%-50% mixture of the two gelators exhibited values 
in the middle of the Tr8- and tr10-based formulations. Once again, this is an indication that the 
thermal properties of the final product can be controlled by adjusting the percent composition of 
the two gelators.  
 
3.4  Surface Activity of Mannitol Dioctanoate and Trehalose Didecanoate 
As previously mentioned, in order for an amphiphilic molecule to exhibit surfactant 
properties, it has to lower surface tension of the solvent. Thus, in order to determine surface activity 
of the M8 gelator, a series of pendant drop experiments were conducted on an oil-in-water droplet 
using three concentrations of M8 in olive oil: 0.001%, 0.01% and 0.1% as per the procedure 




Figure 19. Surface tension of pure olive oil and M8 in olive oil at various concentrations. 
 The surface tension of pure olive oil was found to be 35 mN/m with the fluctuation 
amplitude ranging from ±0.4 to ±1. The fluctuation in the surface tension curve might be due to 
the fact that olive oil itself represents a mixture of triglyceride esters and thus is not a pure 
compound. Upon the addition of the M8 gelator to the olive oil at 0.001% concentration and 
ensuring its complete dispersion in the solvent, the surface tension slightly decreased to 33 mN/m, 
the value slightly below the fluctuation amplitude of the surface tension curve for the pure olive 
oil.  
A more drastic decrease in surface tension to 22 mN/m was observed as the concentration 
of the M8 gelator was increased to 0.01% and further down to 9 mN/m with the M8 concentration 
increase to 0.1%. In all three cases with the addition of the gelator the fluctuation amplitude of the 
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surface tension curve decreased significantly when compared to the pure olive oil which is an 
indirect indication of the purity of the gelator molecule. 
The overall percentage decrease in the interfacial tension with the increase of the M8 concentration 
is presented in Figure 20 below. 
 
Figure 20. Percentage of surface tension reduction as a function of increased concentration 
of M8 in olive oil. 
 
Such results indicate the efficiency of the surfactant: as the surfactant molecules replace 
the solvent molecules at the interface, which results in the reduction of the interfacial tension, the 
overall trend in surface tension reduction would be directly proportional to the increase in 
concentration of the surfactant at the interface. This exact trend was observed in case of M8 as the 
surface tension decreased with the increase of the surfactant concentration.  
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The obtained results from the pendant drop experiment were used to calculate the surface 
excess concentration of the gelator. The general form of the Gibbs-Duhem equation used for a 







where ΓC is the surface excess concentration of a component of the system, 𝜕𝛾 is the change in the 
interfacial tension of the solvent and 𝑐C  is the molar concentration of the solute. The surface 
concentration was obtained from the slope of the plot of the interfacial tension 𝛾 as a function of 
ln [M8] at constant temperature presented below. 
 
Figure 21. Plot of the interfacial tension 𝛾 as a function of ln [M8] at constant temperature. 




By finding the slope of the plot and substituting it into the above equation, the it was found 
that the surface excess concentration of M8 in olive oil was equal to: 
ΓC = −
−5.22𝑚𝑁𝑚
8.31 𝐽𝑚𝑜𝑙𝐾 ∗ 298𝐾
= 0.00210	𝑚𝑜𝑙/1000𝑚X 
The value of the surface concentration was used to further calculate the area per molecule 











6.02 ∗ 	10X; ∗ 0.00210
= 78.9	ÅX	 
 
The area per molecule can provide information about the degree of packing and orientation 
of the adsorbed amphiphilic molecule when compared to the dimensions of the molecule. As 
calculated by MarvinSketch software, the polar surface area of the M8 molecule is 133.52	ÅX, 
which suggests that at the interface the molecular geometry is distorted to accommodate both 
hydrophilic and hydrophobic solvent systems. A simulation of the M8 molecular geometry 




Figure 22. Geometrical optimization of the M8 amphiphile showing “folded” geometry. 
Interestingly, when the M8 concentration in olive oil was increased to 0.5% and the 
pendant drop test was conducted, the surface tension decreased only to 21 mN/m. A large amount 
of fibers at the interface resulted in gelling and an increased surface tension value from the 
beginning of the experiment when compared to previously tested concentrations of M8 in olive oil 
and a relatively flat curve throughout the rest of the experiment, vide Figure 23.  
 




Such behavior might be an indication of poor fitting of the Young-Laplace equation used 
to calculate the surface tension due to gelling of the M8 fibers at the interface. A drastic increase 
in M8 fibers at the oil/water interface at 0.5% M8 was clearly visible during the pendant drop 
experiment as it can be seen in Figure 24 below.  
 
Figure 24. Olive oil drops with various concentrations of dissolved M8. An increased 
amount of M8 fibers at the oil-water interface can be observed. 
    
It needs to be noted that when the pendant drop experiment was conducted on the 0.1% 
M8 sample after allowing it to stay at room temperature for four days, the surface tension decreased 
only to 20 mN/m vs 9 mN/m found from the freshly made sample. Even though more testing would 
need to be done in order to confirm the above finding, this preliminary result shows that the surface 
tension reduction exhibited by the M8 gelator might be time dependent. 
One possible explanation might be related to formation and further strengthening of the 
supramolecular assembly of the gelator molecules in the bulk with time and an increase in gelator 
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fibers at the oil/water interface as a result. This might have led to the partial gelation of the gelator 
fibers at the interface and thus the distortion of the calculated results.  
As it can be seen in the pictures of the 0.1% M8 in olive oil below, the freshly made sample 
exhibits fewer fibers at the interface when compared to the 4-day sample.  Such explanation would 
be in line with the results exhibited by the 0.5% M8 sample due to the gelation of the fibers at the 
interface.  
 
Figure 25. 0.1% M8 sample in olive oil at day 1 and day 4. An increase in gelator fibers at 
the interface can be observed.  
  
The pendant drop experiment was also conducted on trehalose didecanoate (Tr10), a 
gelator with the MGC value of 0.06% (vs 1.86% for M8). Tr10 was found to decrease surface 
tension of olive oil even more efficiently than M8: the surface tension decreased to 20 mN/m at 
the concentration of 0.01% Tr10 and 8.8 mN/m at the concentration of 0.01% Tr10, vide Figure 
26. Unfortunately, it was impossible to conduct the pendant drop experiment on 0.1% Tr10 in olive 
oil since this concentration is above the MGC value of the Tr10- gelator and results in bulk gelation 




Figure 26. Surface tension reduction by M8 and Tr10 in olive oil. 
 
 From the graphs above it can be suggested that a stronger gelator would be able to create a 
stronger interaction of the gelator molecules at the interface and thus to lower surface tension more 
efficiently. While M8 was able to decrease the surface tension by 6% and 37% at 0.001% and 
0.01% concentrations respectively, Tr10 was able to decrease the surface tension of olive oil even 
further by 42.86% and 74.86% for the same concentrations respectively.  
As mentioned above, a more efficient surfactant would have more molecules at the 
interface and result in a decreased surface tension. Even though only two data points were available 
for Tr10 calculations of the surface excess concentration, the calculations of the surface excess 
concentration value resulted in:   
ΓC = −
−4.86𝑚𝑁𝑚





The area per molecule for Tr10 was calculated to be: 
𝑎CZ = 	
10X;
6.02 ∗ 	10X; ∗ 0.00196
= 84.6	ÅX	 
 
At first sight, the obtained result of the surface excess concentration for Tr10 seems to be 
lower than the one for M8. However, interestingly, the percent difference in the surface excess 
concentration between the two gelators is exactly the percent difference between their area per 
molecule at the interface and amounts to approximately 6.9%.  




∗ 100 = 6.89% 




∗ 100 = 6.97% 
Thus, with the comparable number of molecules at the oil/water interface, Tr10 is both a 
more efficient gelator and surfactant when compared to M8.  
The difference in surface properties of the two gelators would lead to their various 
applications which are also influence by their respective HLB values. As calculated by the 
MarvinSketch software, the Griffin HLB value for M8 is 7.19, vs Tr10’s HLB value of 8.92. These 
results place the two gelators in different categories of an emulsifying agent for M8 and a 
wetting/spreading agent for Tr10.  
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3.5  Microfluidics Experiment: Formation of Stable Water-in-Oil Droplets 
The microfluidics experiment was performed on 1% M8 in olive oil. As described in 
Section 2.5.2, prior to the experiment the gelator was dyed with Rhodamine in order to allow an 
unambiguous distinction between the two phases under the microscope. The choice of the 
concentration of 1% M8 was justified by several factors: on one hand, the bulk olive oil should 
still be in liquid phase to allow free flow of the continuous phase during the experiment, however, 
on the other hand, the surface of the water droplets formed in the continuous phase would need to 
be gelled in order to prevent the droplets from coalescing. The results obtained during the pendant 
drop experiments suggested gelation of the fibers at the oil/water interface at 0.5% M8 in olive oil. 
Thus, it was expected that an increase in gelator concentration to 1% would ensure flowing bulk 
oil and gelation of the interface. 
The optimum flow rate of the continuous: dispersed phase was found to be 10:1 and 
allowed formation of the uniform size droplets at the pinch-off point, vide Figure 27. 
 
Figure 27. Droplets of water as a dispersed phase in continuous phase of olive oil. 
Continuous phase contains 1% M8 dyed with Rhodamine. 
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 Upon collection of the water droplets in the chamber it was observed that the droplets’ 
interface was covered in M8 fibers, vide Figure 28, slide a). While smaller size droplets exhibited 
some coalescent behavior, larger ones remained intact even upon their colliding with each other, 
vide Figure 28, slides c) and d).  
 
Figure 28. Microfluidics chamber containing water droplets with gelled M8 fibers at the 
interface. a) The M8 fibers are clearly visible at the water/oil interface; b) the water droplets 
collected in the chamber were uniform in size; c) the gelled fibers prevented the water droplets 
from coalescing upon collision; d) a close-up on the colliding water droplets  
 
All observed droplets were round in shape with defined fibrous exterior. Upon the exit of 
the droplets from the chamber the fibrous interface prevented the droplets from bursting under 
pressure and allowed them to pass through a narrow canal by distorting the shape of the droplets, 
but preserving the droplet itself.  
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Thus, it can be concluded that the fibers of the M8 gelator are able to gelate at the water/oil 






Regiospecific transesterification using biocatalysis successfully resulted in the syntheses 
of different trehalose derivatives and mannitol dioctanoate. The purity of each amphiphile was 
confirmed by 1H and 13C NMR and FT-IR characterization techniques.  
The gelation ability of trehalose derivatives was tested in various organic solvents 
including vegetable oils. The gelation efficiency and thermal stability tests of the trehalose-based 
oleogels resulted in their placement in the category of very stable supergelators with the MGC 
values below 1% (0.06% for Tr10) and Tg reaching 151°C for Tr8. Optical microscopy and FE-
SEM studies confirmed the formation of the 3D network by gelator fibers, while XRD tests 
suggested hexagonal columnar packing of the gelator molecules. Rheological measurements of 
trehalose-based oleogels along with all other tests suggested their potential application in 
cosmetics, which was successfully tested by formulating wax-free lip balms. Not only were the 
new formulations comparable to the currently available commercial lip balms, but they also 
exhibited an increased elasticity. The ability to control rheological properties of the final product 
by combining various percentages of the trehalose-based gelators is an important feature of the 
new formulations. Trehalose-based lip balms also exhibited an increased thermal stability when 
compared to the commercially available formulations.  
Surface activity of M8 and Tr10 was tested via a series of pendant drop experiments, which 
suggested that both gelators are able to efficiently adsorb at the water/oil interface and significantly 
lower surface tension. Being a stronger gelator, Tr10 exhibited an increased surfactant efficiency 




molecule were calculated for both gelators and suggested their folded geometry at the interface. 
M8 gelator exhibited the ability to gel at the water/oil interface when an increased concentration 
of the gelator was dissolved in olive oil. This result prompted further microfluidics experiments 
which successfully exhibited the ability of M8 to form stable water droplets in olive oil.    
Overall, the aim of the study was successfully achieved as the employed environmentally-
friendly synthetic procedure resulted in pure amphiphilic molecules of trehalose derivatives and 
mannitol dioctanoate, which demonstrated potential towards direct application in cosmetic 






One of the aspects of the future studies would involve optimization of the synthetic 
procedure for trehalose derivatives in order to achieve a higher yield. More derivatives would be 
synthesized and their properties would be compared to the five derivatives presented in this work.  
Since trehalose derivatives have proven their potential application in cosmetics by 
successfully replacing waxes in lip balms, further studies would involve their testing in other 
cosmetic formulations such as creams and mascara. Encapsulation of lipophilic active ingredients 
and their controlled release has the potential to bring trehalose-based cosmetic formulations to a 
new level of cosmeceuticals.  
Further studies of surface activity of the gelators would allow to find out their CMC values. 
Other gelators can be tested in the microfluidics experiment, and further experiments would allow 







CHARACTERIZATION OF TREHALOSE DERIVATIVES  
AND MANNITOL DIOCTANOATE 
 
























































































































































































A 3. IR Spectra of Trehalose Derivatives and Mannitol Dioctanoate. 
 
Fig. A.3.1. IR Spectrum of Tr4 
 
		





Fig. A.3.3. IR Spectrum of Tr8 
	
	







Fig. A.3.5. IR Spectrum of Tr12 
	
	






CHARACTERIZATION OF TREHALOSE-BASED GELATORS AND GELS 
B 1. Powder X-Ray Diffraction of Trehalose Derivatives 
Fig. B.1.1. PXRD of Tr4 gelator 
 
 










































Fig. B.1.9. PXRD of Tr12 gelator 
 
 









B 2. UV-Vis of Trehalose Derivatives 
 




RHEOLOGICAL MEASUREMENTS OF TREHALOSE-BASED 
 LIP BALMS AT 37 ºC AND 50 ºC 
 
 
C 1. Rheological Measurements of Trehalose-Based Lip Balms at 37 ºC 
















C 2. Rheological Measurements of Trehalose-Based Lip Balms at 50 ºC 
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